Recent studies have identified a complex intercellular communication network which maintains the balance of indeterminate and determinate cells at the plant apical meristem. The widespread presence of homologous regulatory genes indicates that 'stemness' arose before the evolutionary split between plants and animals.
In a higher plant, the shoot apical meristem generates all the aerial organs and tissues following seed germination. It serves simultaneously as a collection of self-renewing stem cells and as a site of reiterated organogenesis, in which cells differentiate and progressively adopt a specific function in incipient organs. Two questions stand at the center of current attempts to dissect the function of shoot meristems and other stem cell collections. First, how is such a complex structure assembled? And second, how is such a structure maintained dynamically under different growth rates? In the past year, exciting progress has been made in addressing these questions. Work on genes that govern the organization of the shoot apical meristem has identified components of a complex intercellular communication network, which maintains the balance of indeterminate and determinate cells in a dynamic equilibrium at different growth rates.
The shoot apical meristem is organized in layers as well as radially ( Figure 1a ). The central zone lies at the summit of the dome-shaped tissue, has low mitotic activity and is made up of the stem cells; these are indeterminate or pluripotent, and so can generate all the cell types in the shoot. The central zone is surrounded by a more rapidly dividing cell population at the meristem flanks. L1 is the outer cell layer and is followed by L2, L3 and the pith, which connects the shoot apical meristem with the vasculature. These layers are morphologically well-defined, and cells almost never cross over from one layer to another, because of the preponderance of anticlinal cell divisions. Organogenesis occurs in primordia organized in a spiral pattern at the meristem periphery, each separated by approximately 120° (Figure 1b) . The shoot apical meristem is constructed during embryogenesis, but is not activated for embryo development.
Genetic analysis in Arabidopsis has led to the identification of three classes of genes which govern shoot apical meristem activity (Figure 2 ). Class I is defined by SHOOT MERISTEMLESS (STM) and WUSCHEL (WUS), which are required for meristem initiation and maintenance [1, 2] . Class II is defined by PINHEAD/ZWILLE, ARG-ONAUTE and others [3, 4] , mutations of which cause defective leaf organ development and morphology and an inability to sustain shoot apical meristem function. Class III includes the CLAVATA (CLV) genes and others with similar mutant phenotypes. Loss-of-function mutations of class III genes -in contrast to those of class II genesdo not grossly affect the morphology of leaf organs generated at the apex, but lead to an enlarged central zone. The class III genes are therefore involved in regulating the proportions of indeterminate to determinate cells in the shoot apical meristem. All three known CLV loci have very similar mutant phenotypes, and the phenotypes of plants Two views of a shoot apical meristem. (a) The shoot apical meristem is organized into the L1, L2 and L3 layers, as well as radially into a central zone, the meristem flank and the meristem periphery, which spawns the determinate leaf organs. (b) A top view of the shoot apical meristem shows the spiral pattern in which organs are repeatedly initiated. P0 is the new initiated organ and P-1 anticipates the position of the next organ to be initiated. The position of P-1 is marked by a zone of low mitotic activity [13] and by accumulation of ZLL mRNA [10] . with mutations of multiple CLAVATA loci -epistasis analysis -suggest that they operate in the same pathway [5, 6] . The class III CLAVATA genes and the class I gene STM act antagonistically to maintain the central zone of the shoot apical meristem [7] .
The expression patterns of the meristem genes in the developing embryo, determined by in situ hybridization and immunohistochemistry, have defined a complex set of molecular 'prepatterns' [3, [8] [9] [10] [11] (Figure 2a ). The initial expression pattern of most of the genes appears unaffected by mutations of other meristem genes, but such mutations generally do affect the maintenance of the appropriate pattern. This implies that the shoot apical meristem is established by cell-autonomous mechanisms, and maintained by a combination of cell-autonomous and non-cell-autonomous mechanisms.
Although it is not yet understood how the prepatterns are generated, the cloning of key genes has provided the tools to dissect the patterning mechanisms. Gene cloning and sequencing showed that CLV1 encodes a protein with leucine-rich repeats (of a type found in a number of proteins, notably the products of several plant pathogen-resistance genes), a putative serine/threonine kinase domain and a predicted extracellular receptor domain. The STM sequence showed that it encodes a homeodomain-type protein, predicted to be a transcription factor. STM is expressed in all cells of the central and flank meristem, and not in incipient primordia; it is likely to encode a cellautonomous component of molecular machinery required for meristem maintenance.
Fletcher et al. [12] have now cloned CLV3, which turns out to encode a small, presumably extracellular protein.
Although a direct physical interaction between the Clv3 and Clv1 proteins has not been reported yet, the genetic and molecular evidence suggests very strongly that Clv3 is the ligand for, or at least involved in ligand binding by, Clv1. Interestingly, CLV3 mRNA accumulates in a different pattern than CLV1 mRNA: CLV3 is expressed predominantly in the L1 and L2 layers at the meristem center, whereas CLV1 accumulates mostly in L3 and L2. This suggests that the two genes indeed act nonautonomously and signal across cell layers in the meristem center. The shoot apical meristem phenotype of periclinal chimeras, where the cells of layers L1/L2/L3 had the alternating genotypes CLV3/clv3/clv3, supports this hypothesis: a wild-type CLV3 allele in the L1 layer alone was sufficient to confer a wild-type phenotype on the whole meristem.
The enlarged meristem phenotype of the clavata mutants suggests that the wild-type gene products negatively regulate the size of the proliferating cell population in the meristem (Figure 2b ). This could occur either by reducing the rate of cell division in the center and flanks of the shoot apical meristem or by promoting differentiation and cell recruitment into primordium formation at the periphery of the shoot apical meristem. Analysis of the spatial distribution of mitotic activity in the shoot apical meristem indicated that the second possibility is likely to be correct: clv3 shoot apical meristems have an enlarged central domain with low levels of mitotic activity, comparable to those observed in the central zone of wild-type shoot apical meristems [13] .
It is not yet clear which cellular processes the CLAVATA gene products affect to promote cell exit from the meristem center. A recent study indicates, however, that R378 Current Biology, Vol 9 No 10
Figure 2
Model for the regulation of shoot apical meristem activity by intercellular signalling. (a) Gene expression patterns reveal functional domains of the shoot apical meristem. WUS and ZLL are expressed below the L3 layer; this domain acts to maintain the 'stemness' of the overlying stem cells [11, 18] and thus appears to be functionally equivalent to the quiescent center in the root apical meristem. CLV1 and CLV3 interact to promote differentiation and suppress STM expression; Wus and Zll, in contrast, promote Stm activity. Whereas WUS confers the competence for stemness, ZLL could function in two ways: it might, like WUS, be involved in instructing stemness, in which case it would function from the domain beneath the L3; it might also provide a feedback signal from incipient organs, in which case expression in these tissues would be crucial. The arrows do not imply that STM activity is the direct or exclusive target of meristem signalling networks. (b) Loss-of-function clavata mutations result in an enlarged meristem.
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Gene expression domains active forms of Clv1 nucleate a multiprotein complex, which includes an Arabidopsis homolog of a known regulator of cytoskeletal organization. Trotochaud et al. [14] found that Clv1 is assembled into a large heteromeric complex in a manner that depends on the presence of wild-type CLV3 gene product; as well as Clv1, the complex includes a phosphatase known as KAPP1 which is thought to regulate Clv1 activity, a small, Rho-like GTPase known as Arac, and presumably other, as yet unidentified proteins.
Rho family proteins are known in other contexts to regulate the actin cytoskeleton, raising the possibility that the CLAVATA gene products might do the same -an intriguing possibility, as the actin cytoskeleton is known to be involved in orchestrating cell wall synthesis in plants. This might also explain the observation that cell density in the meristems of clv3 mutant plants is higher than normal, as a result of a smaller cell volume [13] , suggesting that cell growth is impaired. Alternatively, Arac might functionally substitute for Ras-like small GTPasesexamples of which have not previously been identified in plants -to activate downstream signaling pathways involving mitogen-activated protein (MAP kinases).
CLV1 and CLV3 are not the only genes that have non-cellautonomous functions involved in maintaining a dynamic equilibrium between stem cells in the shoot apical meristem center and determinate cells in the organ primordia. The WUS gene is required to maintain the shoot apical meristem; in its absence, stem cells appear to be misspecified, though they are not incorporated into primordia. In wus mutant plants, new shoot apical meristems are repeatedly initiated; they make a few organs with appropriate morphology and then fade away. The Wus protein is a novel homeodomain-like protein, most likely to be a transcription factor [11] . WUS is expressed early in embryonic development, and when construction of the shoot apical meristem is completed WUS transcripts accumulate in a small group of cells surrounding the central axis of the shoot, at a level just below the L3 layer. This implies that the Wus protein is either required to generate a signal, or is itself a signal, that instructs the overlying cells in layers L1-L3 to behave as stem cells. WUS and STM are activated independently, but their expression is not maintained if either gene is defective.
The ZWILLE (ZLL) and ARGONAUTE 1 (AGO1) genes, which encode related proteins, appear to function in signaling to stem cells at a different level. In zll mutants, the shoot apical meristem is flat; it occasionally generates solitary filamentous structures or leaves, but is unable to sustain organ formation [3] . In ago1 mutants, organogenesis does occur but generates needle-like leaf organs, and axial meristems are generally absent [4] . ZLL and AGO1 are expressed at two locations in the shoot apical meristem (Figure 2a ): both genes are expressed strongly in the developing vascular tissues, and ZLL is additionally expressed in cells of developing organ primordia, in the adaxial surface facing the meristem summit [10] . It is not clear how their products might act to signal to the stem cells in the meristem center, nor whether their function is required in the developing vasculature or on the adaxial leaf surface. The loss of shoot apical meristem activity in these mutants, a property they share with the Antirrhinum phantastica mutant [15] , suggests that the progeny of stem cells generate feedback signals which control their parents' behavior.
Taking the recent advances together, we can now begin to understand the principles underlying the shoot apical meristem, and perhaps most stem cell collections. Anterograde and retrograde signals target the stem cells and their immediate progeny in the meristem flanks to modify their activity. 'Stemness' is an acquired behavior, conferred on stem cells in layers L1-L3 by a group of underlying cells. This is entirely consistent with earlier observations that stem cell function in the meristem is specified by position and not by lineage [16] . Signaling between cell layers in the shoot apex is necessary to coordinate cell growth, division and govern the transition towards differentiation. The somewhat surprising inference that this occurs by signaling between layers, and not radially, might reflect the fact that cell migration plays no role in shoot apical meristem activity.
A further inference from the recent studies is that activity at the meristem center is subject to feedback control from determinate incipient leaf organs, likely to be a mechanism for reliably controlling cell production and shoot growth rates. Interestingly, this might be a very ancient aspect of stem cell organization: PIWI, a Drosophila gene homologous to PINHEAD/ZWILLE and ARGONAUTE1, was recently shown to be necessary for the maintenance of germ-line stem cells in the fruitfly [17] . This suggests that essential components of stem cell biology were operational before the evolutionary split between plants and animals.
